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Lifetime measurements of β -decaying highly charged ions have been performed in the storage ring CSRe
by applying the isochronous Schottky mass spectrometry. The fully ionized 49Cr and 53Fe ions were produced
in projectile fragmentation of 58Ni primary beam and were stored in the CSRe tuned into the isochronous
ion-optical mode. The new resonant Schottky detector was applied to monitor the intensities of stored un-
cooled 49Cr24+ and 53Fe26+ ions. The extracted half-lives T1/2(
49Cr24+) = 44.0(27) min and T1/2(
53Fe26+) =
8.47(19) min are in excellent agreement with the literature half-life values corrected for the disabled electron
capture branchings. This is an important proof-of-principle step towards realizing the simultaneous mass and
lifetime measurements on exotic nuclei at the future storage ring facilities.
PACS numbers: 23.40.-s, 29.20.db
I. INTRODUCTION
The half-life is a fundamental property of an atomic nu-
cleus. The knowledge of nuclear half-lives is important
for understanding nuclear structure and in nuclear astro-
physics [1]. Even though the half-life of a neutral atom is
almost independent of external physical and chemical condi-
tions [2], the modification of the number of orbital electrons in
the atom has a great effect on its half-life [3, 4]. Furthermore,
since atoms are highly ionized in hot stellar environments, the
β decay rates of highly charged ions (HCI) are worth being
investigated in order to accurately determine the time scales
and pathways of stellar nucleosynthesis processes [5].
To experimentally address half-lives of HCIs, one needs to
be able to produce exotic nuclides in the required high atomic
charge states and to preserve the ions in these states for suffi-
ciently long time. The development of heavy-ion cooler stor-
age rings coupled to in-flight fragmentation facilities offers
such a possibility. Highly-charged radioactive ions are pro-
duced at relativistic energies in a production target, which si-
multaneously acts as an electron stripping target. Owing to the
ultra-high vacuum conditions of a storage ring, the produced
ions of interest can be stored in the defined atomic state. The
storage time is defined by the radioactive decay on the one
side and by the unavoidable beam losses in the ring on the
other side. Apart from first half-life measurements of HCIs in
Electron-Beam Ion Traps [6], extensive investigations of de-
cays of HCIs were done only in the heavy-ion storage ring
ESR at GSI in Darmstadt [1, 7]. There, a non-destructive
monitoring of the number of stored ions in the ring is done
∗Electronic address: zxh@impcas.ac.cn
by employing the technique of time-resolved Schottky Mass
Spectrometry (SMS) [8].
Numerous highlight results were obtained and reported
over the 25 years of running the ESR such as the investiga-
tions of bound-state beta decay [9–11] or “modulated” orbital
electron capture decays [12, 13]. All these experiments were
performed with electron cooled ion beams. Besides well-
known advantages of electron cooling there are several dis-
advantages if half-life measurements are considered. Firstly,
the cooling takes time, ranging from a few seconds to a few
minutes, depending on the momentum distribution of particles
and its offset to the velocity of electrons in the cooler. To some
extend, this can be improved by implementing the stochastic
pre-cooling of the particles before applying the electron cool-
ing [14, 15]. Secondly, the recombination of stored ions with
cooler electrons is the main atomic beam loss mechanism in
the storage ring [1]. Last but not least, the electron cooling
damps the amplitudes of betatron oscillations, which prevents
two different, electron-cooled ions with very close mass-over-
charge ratios to pass each other in the ring. This effect can
cause systematic errors in the determination of the number of
stored particles [16].
Isochronousmass spectrometry (IMS) was developed at the
ESR to address masses of nuclei with half-lives shorter than
the cooling time [17–19]. No electron cooling is applied in
the IMS thus avoiding the disadvantages listed above. How-
ever, only time-of-flight (TOF) detectors [20, 21], based on
the recording of secondary electrons from thin foils penetrated
by the stored ions, could be used in the rings. Such detec-
tors destroy the stored beamwithin a few hundred revolutions,
corresponding to a storage time of about a millisecond. Still,
the half-lives of short-lived isomeric states could be addressed
with IMS with TOF detectors [22, 23]. Owing to the de-
velopment of high-sensitivity non-destructive Schottky detec-
tors [24–26], which are capable to detect single stored heavy
2highly-charged ions within a few ten milliseconds, it became
attractive to develop an isochronous Schottky mass spectrom-
etry with time-resolved Schottky detection technique for half-
life measurements of HCIs. Furthermore, this is a basis for
half-life measurements of exotic nuclides foreseen at the fu-
ture storage ring projects at FAIR in Darmstadt and HIAF in
Huizhou [27, 28]. We note, that within the later projects fur-
ther developments of Schottky detectors to include position-
sensitivity has been proposed [29, 30].
Schottky mass spectrometry in the isochronously tuned
storage ring has been shown to work in the ESR [19, 31]. In
this work we present the first application of IMS+SMS tech-
nique to half-life measurements of highly-charged radionu-
clides.
II. EXPERIMENT
The operation of the Cooler-Storage Ring at the Heavy Ion
Research Facility in Lanzhou (HIRFL-CSR) enables a new
opportunity for β decay lifetime measurements of HCIs. The
HIRFL-CSR is quite similar to the high-energy part of the GSI
facility, consisting of the heavy-ion synchrotron SIS, the in-
flight fragment separator FRS, and the experimental storage
ring ESR. At HIRFL-CSR, the main storage ring (CSRm),
used as a heavy-ion synchrotron, is connected to an experi-
mental storage ring (CSRe) via a projectile fragment separator
(RIBLL2) [32].
With these facilities, HCIs like bare, hydrogen-like (H-like)
and helium-like (He-like) ions can be produced by fragment-
ing primary beams extracted from CSRm at a sufficiently high
energy. The produced fragments are separated by the RI-
BLL2 and transferred and injected into the CSRe for exper-
iments. The CSRe has already been running for about ten
years [33]. Many masses of short-lived nuclei have been pre-
cisely measured by applying the IMS technique at ESR and
CSRe [18, 19, 34–38].
The experiment reported here was performed in the context
of isochronous mass measurement on 52Co at CSRe, where
RIBLL2 and CSRe were set to a fixed magnetic rigidity of
Bρ = 5.8574 Tm [38]. The details of the standard IMS
measurements at CSRe can be found in Refs. [36–38]. The
58Ni19+ beam accumulated and accelerated in CSRm was fast
extracted and focused upon a 15 mm-thick beryllium produc-
tion target placed at the entrance of RIBLL2. The beam in-
tensity was about 108 particles per spill. According to the
CHARGE calculations [39], at this kinetic energy more than
99.9% of all fragments emerged the target as fully-stripped
atoms. These HCIs were separated by RIBLL2, which was
operated as a pure magnetic rigidity analyzer, and then in-
jected into the CSRe. The fragments produced in the projec-
tile fragmentation reaction show a quite broad velocity dis-
tribution. The nuclides with different mass-to-charge ratios
(m/q), e.g. nuclides of interest and calibration nuclides hav-
ing different velocities, can simultaneously be stored in the
CSRe. This allows for an access to the properties of a series
of nuclides simultaneously. Compared to the SMS with elec-
tron cooling the mass resolving power is reduced from about
106 to 105 [40]. An energy of 430.8 MeV/u for the primary
58Ni beam was chosen to optimize the transmission and stor-
age of the A = 2Z + 1 and A = 2Z + 2 nuclides, where A and
Z are the atomic mass and the proton numbers, respectively.
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FIG. 1: The heavy ion storage ring CSRe. The Schottky resonator
(see photo in the insert) is installed in a straight section of CSRe.
A new, highly-sensitive Schottky resonator was manufac-
tured by GSI [24]. It has been installed at one of the straight
section of the CSRe [41], as indicated in figure 1. The prin-
ciple of the resonator is similar to the one of an antenna. The
stored ions were circulating in the CSRe with revolution fre-
quencies of about 1.6 MHz and at each revolution they excited
the resonator. The signal from the Schottky resonator was an-
alyzed with a commercial real-time spectrum analyzer Tek-
tronix RSA5100A. Typically the frequencies around the 150th
harmonic of the revolution frequency were analyzed. The IQ
(in-phase and quadrature phase) data in the time domain were
acquired. The sampling frequency was set to 3.125 MS/s for
IQ. The RSA5100A was triggered with a period of 5 s by a
logical signal. Each acquired data file contains in total 409600
samples, corresponding to about 131 milliseconds of record-
ing time. In order to obtain Schottky frequency spectra for the
A = 2Z + 1 and A = 2Z + 2 nuclides simultaneously, a span
of 2.5 MHz centered at 243.85 MHz was chosen in the data
acquisition. Duration of each measurement between two ad-
jacent injections into the CSRe was about 30 min.
III. DATA ANALYSIS
Schottky frequency spectra were obtained by Fast Fourier
Transform (FFT) of the IQ data. 4096 IQ data were used to
produce one frequency frame. In order to improve the signal-
to-noise characteristics, 600 subsequent frequency frames ob-
tained from 6 subsequently acquired data files were averaged
to produce a final frequency spectrum. One part of the final
frequency spectrum is shown in figure 2. The resonance re-
sponse of the Schottky detector was obtained from data where
no ions were stored and was subtracted from the spectrum.
In the isochronous ion-optical mode of the CSRe, the en-
ergy of the stored ions of interest is chosen such that γ ≈ γt =
3243.2 243.4 243.6 243.8 244.0 244.2 244.4
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FIG. 2: Typical Schottky frequency spectrum. The peaks are labelled
with the corresponding isotope identification.
1.4, where γ is the relativistic Lorentz factor and γt denotes the
transition point of the storage ring [17]. The velocity spreads
of ions, which are due to the nuclear reaction process, are in
first order compensated by the lengths of orbits in the CSRe
and can be neglected. Hence, the revolution frequencies ( f )
reflect directly the m/q ratios of the stored ions, see Ref. [17]
for more details:
∆ f
f
=−
1
γ2t
∆(m/q)
(m/q)
. (1)
Particle identification of the frequency peaks in the Schot-
tky frequency spectrum can be done by comparing it with a
reference spectrum [37]. We note, that without cooling, the
mean velocities for different ion species are different. This
leads to the situation, see figure 2, that two different series of
nuclides from two different harmonics (154th for A = 2Z + 1,
156th for A = 2Z+2) are present in the same observation fre-
quency window.
The basic property of Schottky signals is that the area un-
der a frequency peak is proportional to the number of stored
ions [1],
S ∝ 2N[k˜( f )Qe f ]2 , (2)
where S is the area, N and Q are the number and charge state
of stored ions, respectively. The function k˜( f ) represents the
sensitivity of the Schottky resonator at different frequencies,
f . In our analysis, this factor k˜( f ) is treated as almost con-
stant for a narrow frequency span. Once β decay happens,
the m/q ratio changes and the area under the frequency peak
will decrease, which is the cornerstone of the lifetime mea-
surements [4, 9, 42, 43].
The RIBLL2 was operated purely as a magnetic rigidity
analyzer. The advantage is that the nuclides of interest with
A = 2Z+1 and the calibration nuclides with A = 2Z+2 could
be stored simultaneously, as it is the case for in figure 2. The
range of mass-to-charge ratios is about 2%.
Taking into account that averaging of 600 frequency frames
was done for each frequency spectrum, the statistical uncer-
tainty of the amplitude at a given frequency point is about
4% [4, 44]. The areas under the frequency peaks were ex-
tracted by means of Gaussian fitting. The normalized peak
areas of 49Cr-50Cr and 53Fe-54Fe as a function of the time
elapsed since injection are plotted in figure 3.
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FIG. 3: Peak areas normalized with the initial area (S0) as a function
of the time elapsed since the injection of 49Cr-50Cr and 53Fe-54Fe
ions into the CSRe. The error bars represent statistical uncertainties
of the peak areas extracted from the corresponding Gaussian fits. The
solid lines represent fits with single exponential function. The data
for 53Fe is fitted only starting from time T > 9 min, when the isomers
have mostly decayed. For details see text.
The β decay constant (λβ ) was extracted by fitting the ra-
tios (R=Saim/Scali.) of the peak areas with a single exponential
function:
R =
Saim0 exp(−λtT )
Scali.0 exp(−λsT )
=
Saim0 exp[−(λs +λβ )T ]
Scali.0 exp(−λsT )
, (3)
where Saim and Scali. are the peak areas of aimed nuclide and
calibration nuclide, respectively. T is the time elapsed since
4injection. The total decay constant, λt , is the sum of the beam
loss constant, λs, and β decay constant, λβ . The bare
50Cr and
54Fe ions are stable, which means that their β decay constants
are equal to zero. The beam loss constants depend typically
only on Z and follow a quadratic form for different nuclei [42].
Please note, that the main loss mechanism in Ref. [42] was
the recombination in the electron cooler, which is disabled
in our case. The average storage constants obtained for 50Cr
and 54Fe are 7.2(19) h and 9.0(26) h, respectively. We note,
that the mean velocity difference of about 1% for the nuclides
of interest and the calibration nuclides results in the corre-
spondingly different beam loss constants. However, taking
into account much larger statistical uncertainties of our mea-
sured values, such a small difference can be neglected. The
obtained β -decay half-lives are listed in table I.
TABLE I: Measured half-lives of bare 49Cr and 53Fe nuclides
(TCSRe1/2 = ln(2)/λβ /γ). Listed are the half-lives of neutral atoms
(T1/2), theoretical half-lives of bare ions (T
cal
1/2), and the experimental
half-lives of bare ions (T ESR1/2 ) from previous ESRmeasurements [42].
Nucl. T1/2/min T
cal
1/2/min T
ESR
1/2 /min T
CSRe
1/2 /min
Neutral Bare Bare Bare
49Cr 42.3(1) 45.6(1) 44.0(27)
53Fe 8.51(2) 8.77(2) 8.5(3) 8.47(19)
The λβ of
49Cr determined in this work is about 0.0116(7)
min−1 in the laboratory frame. Taking into account the
Lorentz factor γ = 1.362, deduced from the magnetic rigidity
of CSRe, T1/2(
49Cr24+) = 44.0(27)min in the rest frame. The
half-life for neutral 49Cr is 42.3(1) min and the β+ branching
ratio Iβ = 92.8% [45]. Thus, the estimated half-life for bare
49Cr is 45.6(1) min, assuming that the rest 7.2% entirely pro-
ceed via orbital electron capture decay.
The peak of 53Fe in the ground state contains feeding from
the isomer due to isomeric transition. The half-life for the
bare 53Fe isomer is 2.48(5) min [42]. Therefore, we fit
the data for 53Fe only starting from time T > 9 min, when
about 85% of the isomers have already decayed. The λβ
of 53Fe determined in this work is 0.0601(14) min−1 in the
laboratory frame. The Lorentz factor γ is 1.363 leading to
T1/2(
53Fe26+) = 8.47(19)min in the rest frame. The half-life
for neutral 53Fe is 8.51(2) min and the β+ branching ratio
Iβ = 97.04% [46]. Thus, the half-life of 8.77(2) min is ex-
pected for bare 53Fe. The experimental half-life for bare 53Fe
measured at GSI is 8.5(3) min [42].
The differences of β decay Fermi functions between neu-
tral and bare ions are not considered in the estimations of half-
lives [42]. The half-lives obtained in this work are in excel-
lent agreement with both theoretical and available experimen-
tal values. The latter indicates that the IMS+SMS technique
can be used to study β decay lifetimes of HCIs.
IV. SUMMARY AND OUTLOOK
Beta decay half-lives of highly charged ions were mea-
sured in the CSRe storage ring tuned into the isochronous ion-
optical mode by applying the non-destructive time-resolved
Schottky mass spectrometry technique. The half-lives of bare
49Cr and 53Fe nuclei were determined. The results are in
excellent agreement with the literature values corrected for
the disabled decay channels involving electrons. The results
demonstrate the capability of such isochronous Schottky mass
spectrometry to lifetime studies of HCIs, which is an impor-
tant proof-of-principle step towards realizing the simultane-
ous mass and lifetime measurements on exotic nuclei at the
future storage ring facilities FAIR in Germany and HIAF in
China.
Concerning the near-term future, half-life measurements
at CSRe will be continued with the investigation of the or-
bital electron capture decay of bare, H-like, and He-like 111Sn
ions [47]. The half-life for neutral 111Sn is 35.3(6) min and
the β branching ratio Iβ = 30.2% [48]. It is expected that,
due to the conservation of the total angular momentum of the
nucleus-lepton system, the hyperfine ground state of H-like
111Sn ions can not decay via electron capture. The highly
charged 111Sn ions have already been produced and stored at
the CSRe. Compared to the results for 49Cr and 53Fe from
this work, the charge state of 111Sn is much higher which
will cause a better signal-to-noise characteristics of the Schot-
tky signal. The stable primary beam 112Sn in relevant atomic
charge states will be used to calibrate the beam loss constants.
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